Face-centered cubic (FCC) is an important crystal structure, and there are ten elemental FCC metals (Al, Ag, Au, Ca, Cu, Pb, Pd, Pt, Rh, and Sr) that have this structure. Three of them could be used as photocathodes (Au, Rh, Pt, and Pd have very high work functions; Ca and Sr are very reactive). Au has high work function, but it is included for the sake of the completeness of noble metals' photoemission investigation. In this paper, we will apply the nonparametric photoemission model to investigate these four remaining FCC photocathodes; two noble metals (Cu and Au), two p-block metals (Al and Pb). Apart from the fact that the direct photoemission is dominant for most FCC photocathodes, photoemission from a surface state has also been observed for the (111)-face of noble metals. The optical properties of the (111) surface state will be extensively reviewed both experimentally and theoretically, and a surface state DFT evaluation will be performed to show that the photocathode generated hollow cone illumination (HCI) can be realized.
I. INTRODUCTION
Noble metal photocathodes with low emittance (high brightness) are nowadays routinely used as electron sources for laser-driven high-gradient guns [1] [2] [3] [4] [5] [6] [7] [8] [9] . That is because these metals are resistant to corrosion, easy to fabricate, reliable and tolerant to contamination, and have uniform emission, high operating life time and a fast response time. The other principal reason for the wide use of noble metals as photocathodes is, of course, the wealth of available information about them. For example, the electronic properties of noble metals have been thoroughly investigated by cyclotron resonance, XPS experiments, X-ray emission experiments, ARUPS experiments and de Haas-van Alphen measurements [10] [11] [12] . Each experimental method mentioned above has been extensively applied to the field of photoemission physics and the results have been found to fit a consistent and entirely reasonable picture of the metal's Fermi surface. The disadvantages of noble metal photocathodes are their low QE (of the order of 10 −6 ∼ 10 −4 ) and the need for a UV drive laser (> 4.60eV), which limits these photocathodes for applications requiring less than ≈ 1mA average current [13] .
In recent years, axial hollow cone illumination has gained great interest at high resolutions in conventional transmission electron microscopes since it eliminates phase contrast artifacts from an image, thus making high resolution electron microscopy (HREM), brightfield imaging and dark-field electron microscopy (DFEM) much more reliable [14] [15] [16] . The current method of producing HCI employs annular condenser apertures, circular condenser apertures, or an electronic cone illumina- * lizanchen1986@gmail.com tion method, which impose several instrumental limitations. It is therefore important to consider an alternative method of producing hollow cone illumination which minimizes such limitations and enables the corresponding microscopy to be performed routinely. Aside from the needed instrument improvements, it is inevitable that the standard methods of producing cone illumination mask the electron beam and therefore decrease its brightness. In this sense, a photocathode that directly generates the required hollow-cone beam for HCI would be quite attractive.
In Section II, we will conduct the nonparametric DFTbased analysis for Ag, Cu and Au. In Section III, we will present HCI based on Ag(111) single crystal emission, and show the schematic procedure to generate a 'cone-like' electron beam. As ∆p T data on photoemission from the Ag(111) face surface state is lacking in the photocathode community, our DFT calculation [17] [18] [19] [20] fills this vacancy. Emphasis will be placed on a discussion of the surface state photoemission and the resulting ∆p T analysis and results obtained with it. In Section IV, the DFT-based photoemission analysis is used for the evaluation of the emission properties of surface states.
II. DFT-BASED PHOTOEMISSION ANALYSIS
The first Brillouin zone (BZ) of an FCC lattice has a truncated octahedron shape as shown in Fig. 1 . Noble metals only have one free electron per atom, so that the BZ is only half filled. The structural and electrical properties of both the bulk and surfaces of noble metals were previously investigated theoretically and experimentally [11, 22, 23] . The calculated band diagrams for copper and gold are shown in Fig. 2 . The relatively flat bands lying about 2eV below the Fermi surface are associated principally with d atomic states, whereas the bands [21] lying at higher energy are associated principally with s and p atomic states. The d bands are fully filled and the s bands are half-filled; thus, the volume contributed by the d bands is enclosed by the Fermi surface formed by the s bands. The equivalent Fermi surface radius then equals the average of ∆ 1 (Γ-X) and Σ 1 (Γ-K) radii of the Fermi energy surface, values for which are shown in Table. I both from Ref [21] and our DFT calculations. The unequal (100) face and (110) face radii indicate a distortion of the nominally spherical noble metal Fermi surface. In addition, contact is established between the Fermi surface and the BZ boundaries in the <111> directions (ΓL). These contact areas correspond to the energy gap at the zone boundary along the high symmetry line Λ. To further examine the consistency of the Fermi surface calculations by DFT, the effective masses (m * ) corresponding to the (001), (110) and (111) faces are determined using m * = (
The noble metal's Fermi surface is constructed of three major parts; a 'Dog's bone' orbit from the contours in the (111) plane, a 'Neck' orbit from contours in the (110) plane (the hexagonal face), and a 'Belly' orbit from the contours in (100) plane [24- 26]. These three orbits are shown in Fig. 3 and the results from the effective masses calculations corresponding to the orbits are listed in Table. II. It can be seen that Ag, whose Fermi surface is closest to a perfect sphere, has effective mass values close to m 0 , while Cu whose Fermi surface is furthest from a perfect sphere has an effective mass much less than m 0 . The DFT evaluated effective masses are all within 10% of the experimental values. Unlike potassium whose band structures could be completely defined by the electron energy (E) versus momentum p diagram calculated along the principal crystal directions, the distorted spherical Fermi surfaces of the noble metals suggests that a DFT-based emission analysis will be required to evaluate their ∆p T . The results of evaluating the photoelectric work functions of noble metals with respect to crystal orientation using the thin-slab method [34] , are shown in Table. III. The calculated work functions are within 10% of experimental values [33, 35] , with any absolute discrepancies being in the vicinity of 0.1eV. Nonetheless, for these met- and 0.130 √ m 0 eV , respectively. The polycrystalline nature of the measured noble metal photocathodes implies a crystal orientation randomness to the samples, so that the strict theoretical expression for ∆p T,average must be expressed as
where x (ijk) is the weight of (ijk) crystal orientation and
FCC polycrystalline is displayed in 4, which indicates that (100) and (110) are the two prevalent crystal faces and, hence, are expected to dominate the photoemission from polycrystalline noble metals [33] . Therefore, it is possible to consider an average ∆p T using an analysis that is restricted to (001) and (110) face emission. The DFT-based photoemission model described in the previous papers [36] [37] [38] [39] [40] is used to evaluate ∆p T for Ag, Cu, and Au. The results for photoemission from the (001) and (110) faces of Cu and Au are shown in Fig. 5 . The spatially-averaged values of ∆p T extracted from the excess energy contours are calculated using ω=4.75 eV for Cu and ω=5.77 eV for Au, and the results are listed in IV. The theoretical data is a good fit to ∆p T = A m 0 ( ω − φ), giving the A values within 79% of 0.577 for Ag all cases expect Au(110) where A value within 42% of 0.577. In the ∆p T ( ω, T e ) plot (5(c)), the rms transverse momentum is evaluated under 0 K, 300 K and the melting point, where the melting temperature for Cu (Au) is 1363K (1336K) [41] . As would be expected, the increase in ∆p T due to electron temperature increase is weak (strong) for Au (Cu) which has the large (small) excess photoemission energy; both metals have inward bent 'electron-like' energy states. Owing to the high degree of symmetry of Fermi surface in the FCC Brillouin zone, a relatively isotropic transverse momentum distribution is dominant in the prevalent crystal orientations.
III. PHOTOEMSSION FROM THE SURFACE STATE
Previous literatures have indicated that there are surface states in the Surface Brillouin Zone (SBZ) for Ag(111), Cu(111) and Au(111) [3, 4, 8, 42] . Due to the presence of a crystal surface, bulk-forbidden electronic single-particle states may arise leading to a band in the corresponding projected bulk band gap. These so-called surface states are highly localized perpendicular to the surface, and form a quasi two-dimensional electron band. Typically, surface states exist if their character is similar to a bulk state, but shifted in energy by the surface perturbation. Because the occupied part of the surface state is far away from the surface Brillouin-zone (SBZ) boundary, its dispersion can be regarded as identical for all in-plane directions. As shown in 6, the SBZ is a two dimensional hexagonal structure for the (111) FCC crystal face (k z = 0), and it is centered at Γ point with ΓM and ΓK directions as k x and k y , respectively; that is to say, the surface state disperses with momentum parallel to the surface p x and p y but not with perpendicular momentum p z (momentum is restricted with the in-plane vector p T = p x + p y ). According to Ref. [43] , [44] , and [3] , it is the surface state which can play an essential role in noble metal (111) face photoemission because, for a clean (111) surface, the photoemission intensity reaches a speak at E F -E ss,min , where E ss,min is the surface state band energy minimum [25] . Surface states can therefore dominate emission from the (111) faces of noble metals.
A successful method of distinguishing surface state and bulk photoemission features and determine the former's properties is to use a DFT-based surface band calculation within the slab model to extract the slab's band structure and inspect its energy dispersion properties, and thereby find the surface state band that is located between Fermi level and bulk bands. First, a (111)-face supercell comprising the multi-layer slab and suitable vacuum region needs to be constructed. Second, band structure calculation along the ΓM and ΓM directions is performed. Third, the bulk bands are projected onto the k x -k y plane and plotted together with surface bands to determine the allowed surface states. As the surface energy dispersion relations are described Fig. 6 ), in order to estimate where a surface state is, one can project the bulk bands into the two-dimensional Brillouin zone and then look for gaps that might accommodate such a state among the bulk states. The surface bands are the highest-energy partially occupied bands that fall below the Fermi level E F only for limited regions of the momentum-space. The electronic states of these surface bands are usually well localized in the vicinity of the surface. The electrons occupying such a region of allowed k x − k y space require the least energy to overcome the summation of the work function and transverse energy required to escape the material as photoelectrons. When the laser photon energy is high enough to liberate these electrons but insufficient to reach the next energy band, an electron beam suitable for HCI can then be generated by emission from the single assessed surface state.
For Ag(111), there is an s − p gap at Γ, where a Shockley-type surface state was observed by R.Paniago, G.Nicolay et al [3, 4, 42] . The L-gap s − p surface state dispersion was obtained by measuring the energy of the surface state as a function of the external electron angle θ. In contrast to the experimental investigations, we use a well-converged basis set and a k-mesh of 17×17×1 points in the two-dimensional irreducible Brillouin zone and modeled the surface by employing a periodic slab of 9 atomic layers separated by 15Å of vacuum. The thin slab band calculation [34] is implemented by quantum-ESPRESSO using the local-density approximation [45] pseudopotential. Results of the band structure calculation along the ΓM direction for the 9 layer slab of Ag(111) is shown in Fig.7(b) . In order to be consistent with the experimental measurement unit, we plot the band dispersion in terms of E( k). In Fig.7(b) , the blue solid lines give the slab's band dispersion by DFT at T e = 0, and the Fermi level has been adjusted to zero (dashed line), the allowed surface surface is highlighted by the red circle. In Fig.7(a) , we compare my DFT calculation (solid green line) with the experimental Ag(111) surface state measurement of Nicolay [3] (blue solid line) and by Paniago [4] (red solid line). The DFT calculated surface state is between the two experimental surface states, which again demonstrates that there is a good agreement between experiment and theory.
The surface state, with its parabolic dispersion about the Γ point of the SBZ, is 62 meV below the Fermi level with effective mass m * = 0.40 m 0 in both the Γ → K and Γ → M directions, and has a Fermi wavevector value of k F = ±0.08Å −1 [4] . The DFT-based surface state dispersion shown in Fig.7 gives the surface state band minimum ∼70 meV below E F , and m * /m 0 = 0.42. The DFT evaluated occupied part of the surface state (k F = 0.077Å −1 ) is far away from the surface Brillouinzone boundary (k ΓM = 0.577Å −1 ), and its dispersion can be regarded as identical for all in-plane directions. Therefore, we restrict most of our following discussion to the dispersion along the ΓM and ΓK directions, denoted as the p x and p y directions with the in-plane vector p T = p x + p y . The minimum energy required to photoemit from the surface state, E (111) , is the sum of FCC (111) face work function φ (111) and the (111) Fermi level transverse momentum offset p 2 F /2m 0 ;
as in this case, m * < m 0 . Consequently, since p F = 0.245 √ m 0 eV , photoemission from the Ag(111) surface state is predicted to only occur when ω > φ (111) + 0.03 eV, where φ (111) = 4.83 eV. This means that photoemission from the surface state of Ag(111) will first occur from states around the Fermi level as this requires the least energy.
From energy dispersion point of view, the surface state band structure is a single upward parabola; that is to say, the two dimensional Fermi surface map in the p x -p y plane consists of only one single circle and at the maximum p T value -k F . For an excess energy of ∆E = 35 meV, the resulting energy contour for the Ag(111) surface state has the 'ring-like' shape as shown in Fig. 8(a) ; the two dimensional photoemitting energy contours reside inside the L-gap of the projected bulk band states in p T -space.
The surface state photoemission energy-momentum relationship for an one-step photoemission process can be written as
where p x and p y are the transverse momentum com- may thus be obtained from the transverse momentum distribution of photoemitting energy contours. After application of Eq. 3, the resulting transverse momentum distribution displayed in Fig. 8(b) shows the L-gap surface state photoemission. The ∆p T of the 'ring-like' emission peaks is 0.029 √ m 0 eV for ∆E = 35meV. It can be seen that the transverse momentum distribution is symmetrical with respect to Γ and has maxima close to p F , which is consistent with experimental measurements.
As the emitted transverse momentum distribution is in the form of a ring with a radius k F = 0.077Å −1 , its acceleration in an electron gun to momentum of p 0 will generate a hollow cone beam with a semi-angle θ HCI ≈ p F /p 0 . That is, using the DFT-based thin-slab model, we show that the Ag(111) surface state photoemission with an excess energy of 35meV will produce a HCI beam. The useful range of excess energies for Ag(111) generation of HCI is 0 ∼ 62 meV, which will require accurately tunable UV laser; Ag(111) alloys such as Cu-Ag (111) could overcome this hurdle. It is also important to mention that when the surface state band effective mass is greater than the free electron mass, photoemission from the surface state will first occur from states around the Γ point as this requires the least energy.
IV. SUMMARY AND DISCUSSION
This paper describes the emission properties of three noble metals (Ag, Cu, and Au) and the emission from the surface state. The Fermi surface, effective mass, and band structures for the (100), (110), and (111) faces are evaluated to confirm and supplement the current dataset regarding the electronic properties of the four FCC metals. The nonparametric model discussed can be generalized, implemented, and extended toward applications such as material design, data analysis, and multivariate modeling [46] . A surface state DFT evaluation has performed to show that the photocathode generated hollow cone illumination (HCI) can be realized through Ag(111) single crystal with 0.03eV excess energy. In case of m 0 > m * , the minimum energy required to photoemit from the surface state, E (111) , is the sum of FCC (111) face work function φ (111) and the (111) Fermi level transverse momentum offset p 2 F /2m 0 (2). The ∆p T of the 'ring-like' emission from Ag(111) surface state peaks is 0.029 √ m 0 eV .
